Results. Our results revealed that out of the 76 MCs, 27 (36%) events contained prominence material regions with low-charge-state signatures.
Introduction
Coronal mass ejections (CMEs) are an important kind of solar eruption activity. Large amounts of plasma and magnetic fields are ejected from the corona in the form of a CME. CMEs often show different morphologies in coronagraph images, such as loop, streamer separation, and filled bottle (Munro & Sime 1985) . Many CMEs are observed by coronagraphs as classical three-part structures: a bright leading loop, a dark cavity, and a bright dense core in the cavity (Kahler 1987) .
CMEs were found to be associated with two other solar activities: solar flares and prominence eruptions. About 40 years ago, Munro et al. (1979) reported that more than 70% of CMEs are associated with prominence eruptions, 50% with prominence eruptions solely (without flare), and 40% with flares. On the other hand, 72% of solar prominence events are also clearly associated with CMEs (Gopalswamy et al. 2003 ).
As mentioned above, prominence eruptions are most frequently associated with CMEs (e.g., Webb & Hundhausen 1987) . However, there are only a handful of reported observations of promi-2 Wang, Feng & Zhao: Cold materials detected within magnetic clouds nence plasma materials within interplanetary CMEs (ICMEs), which are interplanetary manifestations of CMEs. Burlaga et al. (1998) reported a halo CME observed on January 6, 1997 by the Large Angle Spectrometric Coronagraph (LASCO) on board the Solar and Heliospheric Observatory (SOHO); halo CMEs are CMEs originating from the solar disk and quickly expanding to a projected size larger than the occulting disk of coronagraphs (Howard et al.1982; Thompson et al. 1998 ). Moreover, the halo CME is associated with a disappearing filament. The corresponding related ICME was a magnetic cloud (MC), which was introduced by Burlaga et al. (1981 Burlaga et al. ( , 1990 ) to empirically define a special subset of ICMEs using three necessary characteristics: smooth rotation of magnetic field vector, enhanced magnetic field strength, and low proton temperature. The remnant prominence materials were first identified within the MC through high-density and enhanced helium abundance origin with low proton temperatures and low ionic charge states by Burlaga et al. (1998) . To date, the reported ICMEs embedded prominence plasma materials are still rare (Gopalswamy et al. 1998; Skoug et al. 1999; Lepri & Zurbuchen 2010; Sharma & Srivastava 2012; Sharma et al. 2013) . Lepri & Zurbuchen (2010) is much less than that of CMEs, of which 70% were clearly associated with prominence eruptions.
They also gave two possible explanations for the great difference. One is that their selection criteria were highly restrictive; many cold prominence material regions in ICMEs may have been missed. The other possibility is that the low charge states of prominences were heated by accompanied flares near the Sun, and the low-charge-state signatures in the prominence plasmas have been erased when the ICMEs reached about 1 AU.
In this study, we will comprehensively search for cold prominence materials in MCs observed by the ACE spacecraft during 1998-2007, using a broader threshold selection criteria to identify remnant prominence materials. Our results revealed that out of the 76 MCs, 27 (36%) events contained prominence material regions with low-charge-state signatures. Although the fraction is still lower than that of CMEs, of which approximately 70% are associated with prominence eruptions, it is much higher than 12%.
Methodology and data
The relatively low temperature and high density are two essential observational characteristics of solar prominences. Therefore, the remnant prominence materials within MCs have often been identified using their low temperatures, low ionic charge states, and high-proton density signatures (e.g., Burlaga et al. 1998; Sharma & Srivastava 2012; Sharma et al. 2013) . However, ICMEs (including MCs) usually have outstanding characteristics, such as enhanced magnetic fields. Thus, total pressures within ICMEs may be higher than the outside, and the ICMEs will expand quickly when they depart from the Sun. If ICMEs have local dropped magnetic field regions, then their expanding speed will be slower than that of the adjacent parts. Consequently, the dropped magnetic field regions may become a relatively high-proton density region. In the same way, the original highdensity regions can appear, and new low-temperature regions can also be formed at 1 AU through non-uniform expansion of ICMEs. Therefore, the high density and low temperature signatures of ICMEs may not be reliable evidence for prominence materials. On the other hand, the ion charge states are frozen-in near the Sun when ionization and recombination timescales are larger than the solar wind ion expansion time, since the coronal electron density decreases with increasing distance from the Sun (Heidrich-Meisner et al. 2016) . In steady state solar atmosphere conditions, charge states of Fe and O freeze-in within four solar radii (Hundhausen et al. 1968a (Hundhausen et al. , 1968b Bame et al. 1974; Buergi & Geiss1986) . For these reasons, the ion charge states in ICMEs can still reflect their temperature history (Richardson & Cane 2004; Heidrich-Meisner et al. 2016; Wang & Feng 2016) . Therefore, the low ionic charge states may be a reliable signature to identify prominence materials in the interplanetary medium. The previous reported cold prominence materials within ICMEs have exhibited low charge states. For example, both Burlaga et al. (1998) and Skoug et al. (1999) used the presence of He + to identify cold prominence materials within MCs. The prominence material region of Burlaga et al. (1998) (Burlaga et al. 1998; Heinzel et al. 2016 (Burlaga et al. 1998; Gopalswamy et al. 1998) . Therefore, the unusual O 5+ and/or Fe 6+ abundances may be simple and reliable criteria to identify prominence materials in the interplanetary medium.
As mentioned above, Lepri & Zurbuchen (2010) only approximately 12% of MCs exhibited prominence plasma. As Lepri & Zurbuchen (2010) pointed out, their selection criteria were highly restrictive, and the freezing-in temperatures of these charge states were low: 0.6 − 2.0 × 10 5 K. Thus, many cold filament material regions in MCs (ICMEs) may have been missed. In comparison with the selection criteria of Lepri & Zurbuchen (2010) , the freezing-in temperature ranges of unusual O 5+ and Fe 6+ are about 1.3 − 3.8 × 10 5 K or 0.9 − 3.2 × 10 5 K; both the lower limit temperature and higher limit temperature are greater than that (0.6 − 2.0 × 10 5 K) of Lepri & Zurbuchen (2010) . That is to say, if the freezing-in temperature of prominence materials within ICMEs is too low, the filament material may be missed by our criteria;
if the freezing-in temperature of prominence materials within ICMEs is relative high, the filament material may be missed by the criteria of Lepri & Zurbuchen (2010) . We examined all the 11 cold material regions reported by Lepri & Zurbuchen (2010) , and all these cold prominence materials can be identified using our criteria (unusual O 5+ and (or) Fe 6+ abundances). It may indicate that the freezing-in temperature of prominence materials within ICMEs is not too low to miss our criteria.
Therefore, to reduce the chances of cold prominence materials within MCs being missed, we will search for cold plasma by using the unusual O 5+ and (or) Fe 6+ abundances.
In this study, the O 5+ and Fe 6+ fraction data were obtained from the Solar Wind Ion
Composition Spectrometer (SWICS) on the ACE spacecraft, and their time resolution is 2 h. The instruments and data analysis procedure were described by Gloeckler et al. (1998) .
We also examined the magnetic field and plasma data during 1998-2007, and identified 76
MCs in total. These MCs were identified with the three necessary characteristics mentioned in Section 1. In addition, we also referred to the ICME lists published by Richardson and Cane (http://www.srl.caltech.edu/ACE/ASC/DATA/level3/icmetable2.htm). We examined all 76 MCs to search for prominence materials.
Observations
To Figure 2 , one can find that the proton density curve has a slight enhancement in the prominence material region. However, the proton temperature curve also has a slight enhancement in the same location. In addition, both the lowest proton temperature location and the highest proton density location are out of the prominence material region. These observations also indicate that the high-density and low-temperature signatures are not reliable evidence for the identification of prominence materials. apparent enhanced region between 20:14 UT on March 5 and 02:30 UT on March 6, 1998, and the proton density increased from 5 cm −3 to 60 cm −3 . From the magnetic component curves, all three magnetic components jump around the high-density region, which may imply that this region is a distinct part. In summary, this high-density region might be a prominence material.
Results and discussion
According to the criteria defined in Section 2, we examined the 76 MCs during 1998-2007 and found that 27 MCs contained 29 cold material regions, which are presented in (Bame et al. 1974) . It is also possible that the O 5+ ions had frozen-in at a low altitude; most Fe 6+ ions were heated and ionized as they moved through the corona, and then the Fe 6+ ions
froze-in at a high altitude. However, either of these two unusual ion abundances can still reflect their low temperature history in the solar source regions. We also examined the spatial distribution of cold material within the MCs. The results show that in 11 (38%) of the events, cold materials were detected in the front part of the MCs; in six (21%) of the events, cold materials appeared in the middle part of the MCs; and in 12 (41%) of the events, cold materials were observed in the rear part of the MCs. The fractions were very consistent with the spatial distribution of cold materials within the ICMEs provided by Lepri & Zurbuchen (2010) . The cold prominence materials may exist in the rear part of CMEs when they depart from the Sun. As CMEs propagate from the Sun to the interplanetary medium, the cold prominence materials can move to the front parts due to strong azimuthal flows within ICMEs (MCs) (Manchester et al. 2014 ).
In Section 1, it was mentioned that Lepri & Zurbuchen (2010) had searched cold materials in the ICMEs by using strict selection criteria and found that only 11 ICMEs exhibit cold materials.
Among the 11 ICMEs, nine cases were MCs. That is to say, approximately 4% of ICMEs exhibited the presence of prominence materials, and approximately 12% of MCs contained prominence materials. As mentioned above, we identified prominence plasma by using related less-restrictive criteria. Cold prominence materials were detected in 27 (36%) of the 76 MCs. Although the fraction was much higher than 12%, it was still lower than that of CMEs, of which approximately 70%
are associated with prominence eruptions. The difference may be caused by four possible factors.
The first possible factor is that we identified prominence plasma by related less-restrictive criteria, but some cold prominence materials in MCs may still have been missed. For example, Figure 4 shows a MC during November 9 and 10, 2004. The Fe 6+ abundance curve had an apparent protuberance after the front boundary of the MC, and its maximum value reached 0.073, which indicates that its source region should be more than 3.5 × 10 5 K or less than 0.9 × 10 5 K. The O 5+ abundance kept a low state during this period, and its maximum value was only 0.021. Its source region should be more than 4.3 × 10 5 K or less than 1.2 × 10 5 K. The possible source temperatures of the highdensity region were still consistent with that of erupting prominences. Around the relatively high Fe 6+ abundance region, proton density was also increased evidently. Therefore, the relatively high Fe 6+ abundance region might also be a filament material. As Lepri & Zurbuchen (2010) pointed out, the second possible factor is that the low charge states of prominences were heated by accompanied flares, and the low-charge-state signatures in the prominence plasmas have been erased when the CMEs reached to about 1 AU. The third possible factor is that a CME may be associated with a prominence eruption, but the prominence materials are not embedded in the CME. In fact, many prominences develop a sideways rolling motion (Martin 2003; Gopalswamy et al. , 2015 Gopalswamy & Thompson 2000; Simnett 2000; Panasenco & Martin 2008; Panasenco et al. 2011 Panasenco et al. , 2013 . Panasenco et al. (2011) reported a CME on December 12, 2008, which traveled in a trajectory different from its accompanying prominence (Howard 2015) . In addition, Pevtsov et al. 
